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ALTTITUDE -WIND~TUNNEL IRVESTIGATTION OF TAIL-PIFE BURNER WITH

CONVERGING CONICAL BURNER SECTION (N J35-A-5 TURBOJET ENGINE
By H. Carl Thorman end Carl E. Campbell

SUMMARY

An investigation of turbojJet-engine thrust augmentation by
means of tall-pipe burning has been conducted in the NACA TLewls
altitude wind tunnel. Results presented in this report were
obtalned with a tail-pipe burner designed for fuselage installation
in a specific airplane. Characteristic features of this tall-pipe
burner were a converging conical burner section preceded by a
conlcal diffuser section. Three different fuel patterns and thres
flame holders were Investigated to detexmine the effect of fuel
distribution and fleme-holder design on the tail-pipe-burner per-
formence and operational characteristics over a range of simulabed
flight conditions. A conical fixed-area exhaust nozzle was uged
throughout the investigation. _

The most efficlent burner performsnce and the widest range of
operable fuel-alxr ratlos were cbtained with configurations in which
fuel injectors that gave a hamogeneous distribution of the tail-pipe
fuel-air mixbture were used with annuler-V-gutter type flame holders
blocking ebout 30 percent of the burner cross-sectlonal area. The
tall-pipe combustion efficiency was more severely reduced by decreas-
ing turbine-outlet pressure below approximately 1000 pounds per
square foot than at higher pressures. An increase in flight Mach
number fram 0.27 to 1.06 at an altitude of 25,000 feet and a turbine-
outlet temperature of 1650° R increased the ratio of augmented to
normal thrust from 1.43 to 1.64, with an attendant increase in
exhaust-gas temperature from 3030 to 3290° R and an increase in
combustion efficlency from 0.74 to 0.89. At the same conditions,
the specific fuel consumption increased from 2.37 at a flight Mach
number of 0.27 to 2.43 at a Plight Mach number of 0.65 and then
decreased to 2.32 at a flight Mach number of 1.06. At a flight
Mach number of 0.27, the operable range of tall-pipe fuel-air retios
narrowed s the altitud.e wvas Increased above 35,000 feet. The use of
an Internal cooling liner extending throughout 'bhe length of the
burner section provided adequate shell cooling at all flight con-
ditions investigated.
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INTRODUCTION

In an extensive research program on thrust asugmentation being
conducted at the NACA Iewla laboratory, investigetions (references 1
to 4) have shown that utilization of the tail-pipe-burning cycle is
a practical means of increasing the thrust of turbojet engines. As
part of this research program, en investlgation of the effect of
tall-pipe-burner design variables on burner performance and
operation over a wide rangs of simulated flight conditions was
conducted in the lewls altitude wind tunnel. One phase of this
investigation is summarized in reference 5 and another phease ia
presented in this report.

In order to obtain informatlon that could be applied in the
deslgn of tell-pipe burners, a study was made to detemine the effect
of fleme-holder design, method of fuel inJjection, and burner
dimensions on the following burner reguirements:

1. Maximum thrust with high cambustion efficiency

2. Staeble burner operation over & wide range of fuel-air
ratios and flight conditions

3. Adequate tail-pipe cooling
4, Dependable starting

5. Minimum loss in thrust with burner inoperative

The investigations reported in references 1l to 4 weres largely
exploratory and primary consideration was glven to burner requirements
1l and 2. The results of these exploratory investigations provided the
necessary background for investigations in which all the afore-
mentioned burner requirements are consldered.

The performance and operational characteristice af_ a tail-pipe
burner having & converging conical burner section of 29;-_1nch maximum

dlemeter on a J35-A-5 turbojet englne were determined end ere reported
herein. The geametry of the tall-pipe burner was dictated by the
deslgn requirements for fuselage installation in a specific airplane.
Three fuel systema, three flame holders, a cooling liner, and a tall-
pipe lgnlition system were investigeted in thia burner with a fixed-
area exhaust nozzle. With each configuration, data were obtalned over
a range of simulated flight conditions and tall-pipe fuel-air ratios.
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Comparative data are presented to show the effect of fuel dis-
tribution and the type .and the size of flame holder on tall-pipe
burner efficiency and exhaust-ges temperature. Data are presented
to show the performesnce varlation with altitude and flight Mach
number for the configurations inveastlgated that hed the highest
combustion efficiency. The over-all performance of these configu-
rations is compered with that of a similar configuration of the 29-
Inch~-diameter cylindrical tail-plpe burner reported in reference 5.
The altitude blow-oubt characteristics, tall-pipe shell cooling, and
tall-pipe fuel ignition are also discussed.

APPARATUS

Englne

The J35-A-5 engine used in this Iinvestigatlion has a sea-level
static thrust of 4000 pounds at a rated engine speed of 7700 rpm and a
turbine-outlet temperature of 1250° F (1710° R). At this operating
condltion, the alr flow 1s approximetely 75 pounds per second and the
fuel consumption 1s 4400 pounds per houwr. The over-all length of the
engine with the standard englne tall pipe is sbout 15 feet and the max-
imum diameter is ebout 38 lnches, The maln components of the engine
are an ll-gtage axial-flow compressor, eight oylindrical direct-flow-
type combustion chembers, a single-stage turbine, & tall pipe, and a
flxed~area exhaust nozzle. The rated operating condltlion of the

standard engine was obteined with a 16%-inch-diame‘ber exhaust nozzle,

Fuel conforming to specification AN-F-32 with a lower heating
value of 18,550 Btu per pound and & hydrogen-carbon ratio of 0.155
was used in the engine. Fuel conforming to specification AN-F-48b,
grade 80, unleaded gasoline with a lower heating value of 19,000 Btu
per pound and a hydrogen-cerbon ratio of 0.186 was used in the
tall-pipe burner.

Installation

For this investlgatlon, the standard-engine tail pilpe was replaced
by & tall-pipe-burner assembly attached to the downatream flange of the
turbine ceaing. The englne and the tall-plpe burner were mounted on =
wing section that spanned the 20-foot-dlameter test section of the
altitude wind tunnel (fig. 1). In order to provide accessibility for
ingtrumentation and modification, no cowling wes installed.
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Engine-inlet air pressures corresponding to altitude flight
conditions were simulated by Introducing dry refrigerated air
from the tumnel make-up alr system through a duct to the engine
inlet. Air was throttled from aprroximately sea-level pressure
to the desired pressure at the engine inlet while the static
pressure in the tunnel test section was mainteined to correspond
to the desired altitude. A slip Joint with a labyrinth seal was
used ir. the duct, thereby making possible thrust and installation-
drag measurements with the tunnel scales.

Tail~Pipe-Burner Assembly

The shape of the tail-pipe burner discussed in this report was
designed to accommodate fuselage instellation in & specific airpleanse.
The over=-all length of the engline end the tail-plps burner was epprox-

imetely 21 feet. The tall-pipe-burner assembly, 11 feet, 77 lnches

long, consisted of three sections: (1) a diffuser section consisting
of an ammular diffuser and a conical diffuser separated by a short
cylindrical sectlion; (2) a burner section-consisting of & converging
conical section followed by a cylindrical section; and (3) a conical
exhaust nozzle. The shell thickness was 0.38 inch for the diffuser
and burner sections and 0.062 inch for the exhaust nozzle. Important
dimensions of the assembly are shown in figure 2. The flame holdex
wae loceted 6 inches upstream of the burner-section maximum diemeter.
The ratioc of erea at the plane of the fleme holder to area at the
turbine outlet was 1.65. A varlable-area exhaust nozzle that would
operate satlsfactorily with tail-plpe burning was unavallable at the
time of the investigation; a conicel exhaust nozzle with a fixed

outlet dlemeter of 20-3% inches was therefore used.

Three different fuel systems and three flame holders were inves-
tlgated 1n the five configurations discussed 1n this report. Detalls
and photographs of the fuel pystems ere shown in figures 3 and 4,
flame~holder details and photographs are shown In figures 5 and 6.
The combination of fuel system and fleme holder used in each config-
uration is presented in the following table:

1192
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Con- Tall-pipe fuel system Distance Fleme Flow aresa
figu- : fram fuel holder blocked
ration spray to by flame
flame holder
holder (percent)
(inches)
A I - Conical spray nozzle zog Mediuwm bwo-V 29.1
B II - Impinging-jet injectors 233' Medium two-V | 29.1
Cc IITI - Tmpinging-Jet Injectors 233 Mediuvm two-V 29.1
D |IIT - Impinging-jet injectors zsg Ierge two-V 30.3
E IIT - Impinging-Jet inJectors 238§ Octagonal 18.6

Two other configurations slsco investigated are not dlscussed because
the performance and the operationsl characteristics were unsatls-
factory. In one of these configurations, the octagonal flame holder
was used wlth fuel eystem I. In the other configuration, a semi-
toroidal flame holder blocking 16.3 percent of the flow area was
used with fuel system I camblned with two rows of auxillary conical
spray nozzles located on the surface of the Iinner body of the
annular diffuser. Xeach row contalned 20 nozzles rated at 40 gallons
per hour.

Fuel-systems. -~ Fuel system I (fig. 3(a)) consisted of a lZSi-inch-

dlameter ring of 20 conical spray nozzles rated at 40 gallons per
hour at a differential pressure of 1CO0 pounds per sguare inch. Fuel
system IT (fig. 3(b)) consisted of a set of 20 fuel inJjectors sach
containing two sets of impinging Jets. The Jets were so located .
that a reasonably unlform fuel-air mixture could be obtalned over the
flame holder and over-heating of the burner shell could bhe prevented
by keeping the region near the pheriphery essentiaelly free of fuel.
In fuel system III (fig. 3(c)), five of the injectors of fuel

system IT were replaced by injectors having an additional set of Jets
at the center of the burner to improve flame stabllity. Fuel was
injected in the downstream direction with each system.

Fleme holders. - The three flame holders used In this investi-
gation (figs. 5 and 6) are deslgnated large two-V, medium two-V,
and octagonal flame holders. These flame holders are identical to
flame holders of the same designations described in reference 5.
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The medium and large two-~V flame holders each consisted of two
snnular~V-type gutters Joined by four radial gutters between the
ennull and supported by four radial struts secured to the tall-
pipe skin. The octagonel flame holder had a semicircular cross
section that was flat on the downstream side. This flame holder
was designed to simulate the semltoroidal flame holder described

in references 3 and 4.

Tail-pipe-burner cooling. - In order to provide a method of
tail-pipe shell cooling that would be practical for flight Instal-
lation, & liner made of 0.062-inch Inconel was installed inside
the tail-pipe-burner shell, as shown in figures 2 and 6(a). The
radial width of the space between the liner and the burner shell
wes approximately 1/2 inch. About 6 percent of the tall-pipe gas
flowed through this space at approximately turbine-outlet temper-
ature to cool the burner shell. In configurations A and B, the
liner extended from the maximum diameter, 6 inches downstreem of

the fleme holder, to the exhaust-nozzle inlet. In configurations
1

C, D, and E, the liner was lengthened to exterd from 25 inches

upstream of the flame holder to the exhaust-nozzle inlet. More
extenslve experimental results of cooling-liner investigations,
including methods of oonstructlion, are discussed 1n reference 5,

Ignition system. - In order ito provide an ignition flame for
the tail-plpe burner, a spark-ignition pilot burner similar to
one described in reference 5 was installed, as shown in figure 2.
A sheltered ignltion reglon was provided at the downstream end of

the diffuser inner body by a semispherical depression 6% inches in

diameter and a 2-inch extension. A spark plug wes installed
through the extension and & l0-gallon-per-hour conical fuel-spray
nozzle was installed in the center of the pllot burner. Additional
fuel was supplled when necessary by a supplementary fuel system
consisting of 20 conical spray nozzles rated at 40 gallons per hour
and located on the surface of the diffuser inner body.

When falilure of the spark plug rendered the pilct burner
inoperative, it was necessary to use a stand-by method of ignition
in which the tall-pipe fuel was ignited by means of a rapid engine
acceleration of about 500 rpm.

1192
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- Tnstrumentation

Pressure and temperature instrumentatlion was installed at
severel messuring stations in the englne and the tail-pipe burner.
Cross sections of the measuring stations indicating the locatlon
of the Instrumentation are shown in figure 7. Engine alr flow was
measured by the use of survey rakes mounted at the engine inlet,
statlion 1. A complete pressure &nd temperature survey was
obtalned at the turbine outlet, station 6, and static-pressure
measurements were mede at the burner-section inlet, station 7. A
total-pressure survey was obtaelned 1 Inch upstream of the sxhaust-
nozzle outlet, station 8, with a water-cooled survey rake.

Engine fuel flow and tall-pipe-burner fuel flow were measured by
calibrated rotameters.

PROCEDURE

All tall-plpe-burner performance data were obtalned with the
engine operating at rated speed, 7700 rpm. Each tall-pipe-burner
configuration was operated over & range of fuel-alr ratios at the
following simulated flight condlitions:

Altitude Average Configuration
(£t) Flight Mach
murber,
My

‘ 5,000 0.27 A(B|CIDIE
15,000 .27 B|C}|D
25,000 .27 A[B|C}IDI|E
25,000 .90 A|B|C{DI|E
25,000 1.06 BIC|D
35,000 .a7 AlB(C|{D|(E
45,000 .26 B|C{D|E

Dry refrigerated alr was supplied to the englne at the stand -
ard temperature for esach flight condition except that the minimum
temperature obtained was about -20° F. Total pressure at the
engine inlet was regulated to correspond to the pressure that would
oxist with complete free-stream ram~pressure recovery at each
flight condition.
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An approximate check on the performance of each configuration:
was made at intervals durlng the Investigation. If the check
indicated that the performance of the configuration was relatively
good at two or three flight conditions, and provided the cperational
characterigitics were satlsfactory, further data were then
obtalned over a wide range of flight conditions. Data obtained
with each configuration are given in table I.

Because all the data were obtained with a fixed-area exhaust
nozzle, limiting turbine-outlet temperature could be obtained with
each configuration at only one value of tail-pipe fuel-alr ratio
at each flight condition. The burner performance presented for
each confilguration therefore does not represent the performancs
that might be obtained with a variable-area exhaust nozzle. The
uge of a fixed-area exhaust nozzle, however, provided the most
expeditious means of comparing the performance of the various
modificetions. Over-all performance is presented as a function
of flight Mach number at & turbine-outlet temperature of 1650° R.

Augmented-thrust measurements were obtained fram the balance
scales and also from the pressure survey at the exhaust-nozzle
outlet. The valuea of sugmented thrust presented were determined
from balance-scale measurements and therefore include the effect
of losses in the exhaust Jet. Exhaust-gas temperatures presented
were calculated fram total-pressure measurements at the exhaust-
nozzle outlet by using an experimentally determined flow
coefficlient. The combustion efficlencles presented are based on
these temperatures.

Symbols used 1n the report and methods of calculation used.
for the reduction of the data are presented in the appendix. The
probeble limits of error in the calculated values of Jet thrust,
exheust-gas temperature, and combustion efficlency are il%, *3,

and &5 percent, respectively. The Jet-velocity coefficient, which
accounts for veloclty losses in the exhaust Jet, was calculated
from scale Jet thrust and rake Jet thrust and is presented in the
appendix as a function of nozzle pressure ratio.

RESULTS AND DISCUSSION

Tail-pipe-burner performance varisbles, which include com-
bustion efficiency and exhaust-gas temperature, and burner-inlet
conditions, which include the burner-section-inlet velocity and
the turbine-outlet total pressure and temperature, are presented
as functions of tall-pipe fuel-air ratio. The tail-~-pipe fuel-alr
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ratio used herein is defined as the ratio of tall-pips fuel flow
to unburned air flow entering the tail-pipe burner, as shown in
the appendix (equation (7)2). Over-all performance &t a turbine-
outlet temperature of 1650 R is presented showling the varlation of
the augmented~-thrust ratio, exhasust-gas temperature, tall-pipe com-
bustion efficiency, and specific fuel consumptlon with flight Mach
number. Combustion blow-out limits, which determine the operable
range of tail-pipe fuel-alr ratios, are presented as & function of
altitude.

Comparison of Configurations

Fuel distribution. ~ The effect of changes ln the fuel dis~
tribution on combustion efficiency and exhaust-gas total temper-
ature 1s shown in figures 8 and 9, respectlvely. AL all altitudes
investigated, the more uniform mixture of fuel and air afforded by
configuratlions B and C gave peak combustion efflclencies that were
0.03 to 0.13 higher than for configuration A, in which the fuel
distribution was stratified. Improving the uniformity of the mix-
ture also ralsed the tall-plpe fuel-alr ratio at which the peak
combustion efficiency occurred fram a range of 0.020 to 0.025 for
configuration A to a range of 0.035 to 0.040 for conf'lgurations B
and C. At fuel-air ratios sbove 0.025, the cambustion efficlency
was as much as 0,05 higher wlth configuration ¢ than with configu-
ration B. The effect of fuel distribution on exhaunst-gas total
temperature (fig. 9) wes similar to the effect on combustion
efficiency. At fuel-air ratios above 0.030, the highest exhaust-
gas total temperature at all altitudes was obtalned with con-
figuration C. .

Flsme holders. - The combined effect of fleme-~holder type and
blocked area on combustion efficlency and exhaust-gas total tempsr-
ature is shown in figures 10 and 11, respectively. A%t all altitudes
the greater flame-holding surface afforded by configurations C and
D, which had the two-V flame holders, resulted in peak combustion
efficiencies 0.07 to 0.10 higher than for configuration E, which
had the octagonal fleme holder. Peak combustion efficiencles were
obtained at tail-pipe fuel-zir retios from 0.035 to 0.043.
Increasing the blocked area by 1.2 percent fram the medium to the
large two-V flame holder caused a variation of less than 0.02 in
tail-pipe combustion efficiency. The effect of flame-holder
changes on exhaust-gas total temperature (fig. 11) was similar to
the effect on combustion efficiency. At all fuel-air ratios, the
highest temperatures were obtained with configurations C and D at
all eltitudes. -
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Tall-Plpe-Burner Performance

Deta for configuration C are presented in figures 12 to 15
to show the variation of tail-pipe-burner-inlet conditions with
altitude snd flight Mach number and tc demomnstrate the effect of
the burner-inlet conditions on the combustion efficiency and
exhaust-ges totael temperature.

Effect of altitude.- As the tall-plpe fuel-alr ratio was
increased at each altitude, the burner-section-inlet veloclty
increased slightly, the turbine-outlet total tempereture increased
measurably, except at an altitude of 45,000 feet, and the turbine-
outlet total pressure increased slightly (fig. 12). At a constant
value of tail-pipe fuel-air ratio, increasing altitude from 5000 to
45,000 feet at a flight Mach number of 0.27 had no effect on burner-
inlet veloclity but reduced the turbine-outlet total temperature
considerably and decreased the turbine-outlet total pressure approxi-
mately in proportion to the change in altitude pressure.

As the fuel-eir ratioc was increased at altitudes from 5000 to
25,000 feet, the ccmbustion efficiency (fig. 13(a)) rapidly increased
to a peak value and remained relatlively constant over a range of tail-
plpe fuel-alr ratios from 0.030 to 0.045. This trend alsoc exlsted
at an altitude of 35,000 feet, although data were not obtalned at
the low fuel-zlr ratios. At an altitude of 45,000 feet, however,
the combustion efficiency decreased steadily as the fuel-air ratlo
was incressed from the minimum to maximum limits of operabtlon. At
e gilven tail-pipe fusl-air ratio, reduclng the turbine-outlet pres-
sure by increasing the altitude lowered the tail-plpe combustion
efficiency; at turbine-outlet total pressures below 1000 poumnds
per asquare foot this effect was more pronounced than at higher
pressures., At a fuel-alr ratio of 0.036, the combustlon effi-
clency (fig. 13{a)) was reduced from 0.83 to 0.72 when the turbine-
outlet total pressure (fig. 12(c)) was decreased from 3300 to
1050 pounds per sguare foot by increasing the altitude from 5000
to 35,000 feet at a flight Mach number of 0.27; at the same fuel-
alr retio, further decreasing the turbine-outlet total pressurs
from 1050 to 575 pounds per squére TO0t by increasing the altitude
from 35,000 to 45,000 feet lowered the cambuation efficlency from
0.72 to 0.56. :

The exhaust-gas total temperature (fig 13(b)) increesed with
tall-pipe fuel-air ratio at all altitudes except 45,000 feet. The
effect of changes in altitude and the attendant changes in turbine-
outlet total pressure on exhaust-gas total temperature was simllar
to the effect on combustion efficlency, with the highest temperatures
for a glven fuel-alr ratlo occurring at the highest turbine-outlet
total pressure.
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Effect of flight Mach number. - Tail-pipe-burner-inlet con-
ditions are plotted ageinst tail-pipe fuel-alr ratio for a range
of flight Mach numbers at an altitude of 25,000 feet in figure 14.
As the flight Mach number was incressed from 0.27 to 1.06 at a
constant tail-pipe fusel-air ratio, the burner-section-inlet veloclty
remained constant, the turbine-outlet tobtal temperature Iincreased
about 20° R, and the turbine-outlet total pressure increased approxi-
mately in proportion to the campressor-inlet total pressure. Vary-
ing the turbine-outlet total pressure by changing the flight Mach
nurnber at a constant fuel-air ratlioc had the same effect on the tail-
pipe combustion efficiency and exhaust-gas total temperature
(fig. 15) as variations in turbine-outlet total pressure due to
changes in altitude (fig. 13). Reducing the turbine-outlet total
pressure from about 3050 to 1700 pounds per square foot at a fuel-
air ratlo of 0.036 by changing the flight Mach number from 1.08 to
0.27 at an altitude of 25,000 feet (fig. 1l4(c)) reduced the tail-
pipe combustion efficiency from 0.87 to 0.76 (fig. 15(a)) and
decreased the exhaust-gas total temperature fram 3000° to 2760° R
(fig 15(b)).

Over-All Performance

Over=-all performance obtained with configurations C and D,
in which two-V flame holders were used, ls presented in figure 16
for a turbine-outlet total temperature of 1650° R, the highest
temperature at which data were available for cross-plotting.
These results ere compared with data from reference 5 for the per-
formance obtalned with the large two-V flame holder in a tail-
plpe-burner assembly 8 feet, 9 inches long with a 29-inch-diameter
eylindrical burner sectlon. The 29-inch-dlameter tail-pipe burner
had the same exhaust-nozzle-outlet area as configurations C and D.
The performance datsa presented are signiflicant only for the size
exhaust nozzle used iIn this Investigatlon. With a larger exhaust-
nozzle-outlet area at the same turbine-outlet temperature, higher
thrust and exhsust-gas total temperature could be obtained; higher
tail-pipe fuel-air ratios would be required; and the specific fuel
consumption would also increase.

The augmented-thrust ratio is ghown in figure 16(a) for s
range of flight Mach numbers at an altitude of 25,000 feet. The
augmented-thrust ratio 1s defined as the ratio of net thrust
obtained with tall-pipe burning to the net thrust obtained with the
standard-engine tall pipe. At a flight Mach number of 0.27, the
augmented-thrust ratio of configuratlons C and D was 1.43 as com-~
pared with 1.45 for the 29-inch-dlameter burner. At a flight
Mach number of 0.90, the ratio had Increased to 1.63 wlth con-
Flgurations C and D as compared to 1.66 with the 29-inch-diameter

S
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burner. The augmented-thrust ratio for conflgurations C and D was
1.64 at a flight Mach number of 1.06. The augmented~thrust ratioc
wag lower for the converging conical tail-pipe burner than for the
29~inch-diameter cylindrical burner because the greater taill-pipe
length and the converging shape of the burner section caussd an
increase in the total-pressure-loss ratio. At the operating con-
ditions shown in figure 18, the pressure loss was about 0.085 of
the turbine-outlet total pressure in configurations C and D as
compared to 0.055 in the 29-inch-dismeter cylindrical teall-pipe
burner.

Exhaust-gas total temperature is shown in figure 16(b) for a
range of flight Mach numbers &t an altlitude of 25,000 feet. The
exhaust-gas total temperature with configurations C and D increased
from 3030° R at & flight Mach number of 0.27 to 3150° R at a flight
Mech number of 0.90, and to 3290° R at a £light Mach number of
1.068. Over the range of flight Mach numbers from 0.27 to 0.90, the
temperature wlth the 29-inch-dlameter burner lncreased from 3160 to
3290° R. Tail-pipe combustion efficiency at the aforementioned
conditions is shown in figure 16(c). As the flight Mach number
increased from 0.27 to 1.06, the combustion efflciency for configu-
rations C and D increased fram 0.74 to 0.88. Combuation efficiency
for the 29-inch-diameter burner was approximately 0.81 at all flight
Mech numbers from 0.27 to 0.90.

Specific fuel consumption based on net thrust 1s shown in
figure 16(d) for a range of flight Mach numbers at an altitude of
25,000 feet. The epecific fuel consumption for configurations C
and D Increased from 2.38 to 2.43 as the flight Mach number
increased from 0.27 to 0.65 and decreased to 2.32 at a flight
Mach number of 1.06. The specific fuel consumption obtained with
the 29-inch-dlameter burner increased from 2.38 to 2.48 as the
flight Mach number increased from 0.27 to 0.90. The specific
fuel consumption obtained with the standard-engine tail pipe
increased from 1.18 to 1.33 as the £flight Mach number was raised
from 0.27 to 1.06.

Operational Characteristics

Cowbustion limits. - Tall-pipe fuel-alr ratios at which com-
bustion blow-out was encountered at altitwdes fram S000 to 45,000
fest and a flight Mach number of 0.27 are shown for configurations C,
D, and E in figure 17. At altitudes up to 35,000 feet, the range of
tail-pipe fuel-alr ratios over which the burner could be operated
wlth the fixed-srea exhaust nozzle extended from fuel-alr retios
at which lean caombustion blow-out occurred to fuel-air ratios at

1192
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which the turblne-outlet total temperature approached the limit-
ing value. At altitudes above 35,000 feet, the range of operation
extended from fuel-alr ratios at which lean combustion blow-out
occurred to fuel-air ratios at which rich combustion blow-out was
encountered. At each altitude, the lean combustion limit occcurred
at about the same fuel-air ratio for all configurations. Fuel-air
ratios for lean blow-out varied from sbout 0.021 at an altitude of
5000 feet to 0.014 at an sltitude of 35,000 feet and 0.037 at an
altitude of 45,000 feet. Rich combustion blow-out with configu-
retion C was encountered at a tail-plipe fuel-air ratio of about
0.076 at altitudes of 37,500 to 45,000 feet; rich blow-out with
configuration E occurred at fuel-air ratios of 0.064 and 0.053 abt
35,000 and 42,500 feet, respectively. No rich combustion blow-out
data were obtained for configuration D.

By use of & varlable-area exhaust nozzle, the turblne-outlest
temperature limit might be shifted to higher fuel-air ratios by
increasing the exheust-nozzle-outlet area. It is also possible
that the lean blow-out limits would be shifted to lower fuel-air
ratios by decreasing the exhaust-nozzle-outlet area and thereby
malntaining higher pressures and temperatures at the tall-plpe-
burner inlet.

Tall-pipe cooling. - Although the conlcal shape of the burner
gectlion complicated the fabrication and the installation of the
cooling liner in this tail-plpe burmer, the cooling provided com-
pared satisfactorily with that obtained in the cylindrical burner
gection reported In reference 5. Measurements indicated that
about 6 percent of the turblne-outlet gas pessed through the
1/2-inch space between the burner shell and the cooling liner.

By this method of cooling, shell temperatures lower than 1700° R
were maintalned at all £light conditlons Investigated. The tempera-
ture of the liner was considerably higher than the temperature of
the shell; because 1t was not reguired to carry any appreciable
stresses, the liner was able to wlthstand very high temperatures.

Several fallures of the liner encountered in the early stages
of the investigation indicated that the liner should not be rigidly
secured to the burner shell because differential expansion between
the two surfaces resulted in severe warpage of the liner. In
subsequent phases of the Ilnvestigation, methods of supporting the
liner were found that allowed the llner to "float" inside the
burner (reference 5). Occasional buckling of the liner was also
ceuged by a pressure differential that forced the llner to collapse
inwvardly. :
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The maximum life of the cooling liners used in the configu-
rations discussed was about 10 hours of tall-plpe burner operation.
In later investigations, improvements In design and support of the
liner extended the llfe to about 20 hours.

Tail-pipe fuel lgnition. - The pilot burmer in the Adiffuser
inner body, which included a fuel spray nozzle and a spark plug,
was operable at reduced engine speeds up to an altitude of
32,000 feet. Ignition of the tall-plpe fuel wes accomplished by
the pllot burner at 25,000 feet with an englne apeed of 7000 rpm
and at 30,000 feet with an engine speed of 6000 rpm. TUse of the
supplementary fuel system was not reguired for ignition at alti-
tudes above 25,000 feet. The pilot-burner epark plug of ten failed
from vibration and high temperature; comsequently, this ignlition
aystem was unreliable.

The stapnd-by method of igniting the tall-plipe fuel, which
conaistently provided ignition at all flight condltions, consisted
of a rapld engine acceleratlion of about SO0 rpm resulting in a
burst of flame through the turbine and into the tall pipe. Ignition
of the tail-pipe fuel by this method occagionally resulted in blow-
out in the engine combustion chambers at en altitude of 45,000 feet.
Although this method was satisfactory for experimental work, 1t is
unsuitable for tacticel use. From experience with this method,
however, a reliable and sultable taill-pipe-burner ignitlon system
was developed and 1s reported in reference 5.

SUMMARY OF RESULTS

The following results were cbtalned from an Investigation of
g tall-pipe burner with = converging conlcal burner section and a
fixed-area exhaust nozzle on a J3H~-A-5 turbojJet englne in the WACA
Lewis altitude wind tunnel:

1. The most efficient burner performance and the widest range
of opereble fuel-alr ratios were obtained with conflgurations in
which fuel injectors that gave relatively uniform distribution of
the tall-pipe fuel-alr mixture were used with amnular-V-gutter type
flame holders blocking about 30 percent of the burner cross-
sectlional ares.

2. With a given tail-pipe fuel-air ratio, lowering the
turbine-outlet total pressure, eilther by an increase in altitude
or by a decrease in flight Mach number, reduced the tall-pipe
combustion efficlency and the exhaust-gas total temperature.

1192
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Tail-pipe combustion efficiency was adversely affected to &
greater extent by reductions in turbine-outlet pressure below
sbout 1000 pounds per square foot than at higher pressures.

3. At an altitvde of 25,000 feet and with a turbine-outlet
temperature of 1650° R, the ratio of augmented thrust to normal
thrust incressed fram 1.43 at a £light Mach number of 0.27 to
1.64 at a £light Mach number of 1.06. Over the same range of
flight Mach numbers, the exhaust-gas temperature increassed from
3030° to 3290° R snd the tail-pipe combustion efficiency increased
from 0.74 to 0.89. The specific fuel consumption based on net
thrust increased from 2.37 at a flight Mach number of 0.27 to
2.43 at a £light Mach number of 0.65 and then decreased to 2.32
et a £light Mach number of 1.06.

4. At a £light Mach number of 0.27, the operable range of
tail-pipe fuel-alr ratios narrowed &s the sltitude wes inoreased
ebove 35,000 feet. At 45,000 feet, the operating range of the
best configuration was limited to fuel-air ratloes between C.037
and 0.076 by lean and rich blow-out limits.

5. The use of an internal coolling liner extbending the full
length of the burner section (approximately 60 in.) with a 1/2-inch
space between the liner and the burner shell provided adequate ghell
cooling at ell flight conditions investigated.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX - CALCULATIONS
Symbols
cross-gectlonal area, sg It
thrustlscale reading, 1b

flow (discharge) coefficlent, ratio of effective flow area
to measured area -

Jet-veloclty coefficlent, ratio of actual Jet velocity to
ideal Jet velocity after expmnsion to free-stream static
pressure

thermal-expansion ratio, ratio of hot-exhaust-nozzle-outlet
area to cold-exhaust-nozzle-outlet area

external dreg of installation, 1b

drag of exhauwst-nozzle survey rake, 1lb
Jet thrust, 1b

net thrust, 1b

fuel-air ratio

acceleration due to gravity, 32.2 £t/sec?
total enthalpy, Btu/lb

lower heating value of fuel, Btu/lb

Mach number

total pressure, lb/sq £t absolute

total pressure at exhaust-nozzle survey station in
standard-engine tall pipe, lb/bq ft absolute

static pressure, lb/sq £t absolute
gas constant, ft-1b/(1b)(°R)

total temperature, °R
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Ty indicated temperature, °R

static temperature, CR

v velocity, £t/sec
Wy, air flow, 1b/sec
Wo bearing cooling-air flow, 1lb/sec

Wp fuel flow, 1b/hr

We /.E‘n specific fuel consumption based on total fuel flow and net
thrust, 1b/(hr)(1b thrust).

Wy gas £low, 1b/sec

7 ratlo of specific heats for gases
n‘b cambustion efficiency

[} static demsity, slugs/cu iy
Subscripts:

a air

-] engline

T Tuel

g &as

3 Jet

m fuel manifold

g scale

t tail=pipe burner

x inlet duct et labyrinth slip Joint
0 free-stream conditions

1 engine inlet
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3 engine combustlion-chamber inlet

6 turbine outlet (diffuser inlet)

7 burner-section inlet, a% inches upstreem of £lame-holder |
plane

8 exhaust-nozzle total-pressure survey plane, 1l lnch

upstrean of outlet
9 exhaunst-nozzle outlet

Methods of Calculatlon

Flight Mach number and alrspeed. - Flight Mach number and
equivalent alrspeoed were caloulated from ram-pressure ratio by the
following equations with complete pressure recovery at the engine
inlet assumed:

71-1
Y
1
My =Al=2r <ﬁ> -1 (2)
717 [\Po
it
Py $!
Vo = Mg\ [7,6RT, <P—l> (2)

The equivalent free-gtream total temperature was assumed equal to
the campressor-inlet indicated tempereture. The use of this
assumptlion introduces an error in alrspeed of leas than 1 percent,

Aly flow, - Alr flow at the engline inlet wes determined from
pressure and tempereture measurements obteined with four survey
rakes in the inlet annmlus, The following equatlion was used for
celculation of alr flow:
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71"1

, 27,8 P, 7 . -
a,l'Pl'A'.L zyl-liﬁl f__: -

Bearing cooling alr was bled from the compressor in a quantity
approximately equal to the engine fuel flow., The alr flow entering
the engine combustion chamber was therefore calculated as follows:

W on =W o W, =W, g - (ofa2 (4)
2,3 ~ "a,l " "¢ - "a,1 = \3600
Temperatures, - Static temperatures were calculated from

Indicated temperetures by the adlabatlic relatlon between tempera-
ture and pressure, using an Impact recovery factor that had been
determined as 0,85 for the type of thermocouple used:

Ty
t = , (5)
7-1

' 4
P
1 +0.,85 (= -1
+ (P)

Tell-pipe gas flow, - The tail-pipe gas flow was determined
by calculating the welght flow entering the tall-plpe burner, as
follows:

W + W.
f,e Pt
W = tee _I,6
g = Ya,3 * 3600 (e)

Tall-pips fuel-air ratio., - The tall-plipe fuel-alir ratio used
herein 1s defined as the welght flow of fuel Injected in the tall-
pipe burner divided by the welght flow of wmburned air entering
the tall-pipe burner from the englne. Welght flow of unburned air
was determined by assuming that the fuel injected in the engine
was completely burned. By combining air flow, englne fuel flow,
and tail-pipe fuel flow, the following equation for teil-plipe fuel-
alr ratio l1s obtalned:

W
%
(2/a)y = e (7)
- ——
5600 ¥, 5 - 3.067

where 0.067 is the stoichliometric fuel-air ratio for the engline
fuel,

v T
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Turbine-outlet temperature. - Because the temperature meas-
urements at station 6 were unreliasble when the talil-plpe burner
was in operatlion, the turbine-outlet temperatures listed in table I
were oalculated by means of the followlng relation:

W w_sz h
e,3 Ba,1 + 3500 Co,e T,e

Hc = (8)
W +.Eil2
a,3 * 3600

An engine combustion efficiemncy .o of approximetely 98 percent
2

at rated englne speed was determined from experiments with the
standard engine using more relisble temperature instrumentation
at the turbine outlet. After calculating Hg by equation (8),
turbine-outlet temperature Tz was determined from Hg and fuel-

air ratlo by use of enthalpy-temperature charts.

Burner-section~inlet velocity. - Velocity at the burner-
section Inlet was calculated by using static pressure measured at

statlion 7, B%—:Lnohes upstream of the flame holder, and by assuming

constant total pressmre and total temperature fram turbine outlet
to burner-sectlion inlet.

76-1

76

W W RTq [ Pq
V1 Geky gk (=) ®)

Combustion efficlency, = Teil-pipe combustion effliclency was
obtained by dividing the enthalpy rise through the tail-pipe
burner by .the heat content of the tall-pipe fuel.

3600 WgAHy

Tt = W Bt
Ty

T T
9 9 ]
3600 Wa,.sﬂa ]T:. + Wr,efir,e ]Tm Wr,e%,0 * ¥, t8r,4 o

¥e,the,%
(10)

1192
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The engine fuel was assumed to be burned campletely in the engine;
inssmuch as the englne combustion efflciency has been found to be
approximately S8 percent, this assumption involves less than one-
half of 1 percemt error in the value of tail-pipe combustion effili-
clency. The enthalpy cf the combustlion products was determined
from the hydrogen-carbon ratio of the fuels by the method explained
in reference 6, in which dissociation 1s disregarded.

Exhaust-gas total temperature. - The total temperature of the
exhaust gas was calculated from exhaust-nozzle outlet pressures and
gas flow by means of the following equation:

79-1
2 7g
T = 78 ___cdcT%PguE’) <E> (11)
8 R Wg Py

Exhaust-nozzle static pressure Dy Wwas determined by consid-
ering critical pressure ratio as follows:

s
Y=l

Py <79+1> °
vwhen (| — | < | ——m—
<Po 2

Pg = Pg (subsonic £low)

7g

79"'1
PS) (79-{_-1)

and when { — | > | ——5—
P 2
0
Pg
Pg = (sonic flow)
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Exhaust-nozzle-outlet Mach number Mg was determined from
Jet Mach number MJ by assuming constant total pressure in the
exhsusgt Jet.

- 79-1 =
79
P
2 2 8
Ma® = e || = - 1
L -

When My <1, My = My (subsonic flow); when Mjy > 1, Mg =1

(sonic flow) because the exhaust-nozzle outlet 1s the minimum area
in the flow path. ’

The values of Cgq and Op for the exhaust nozzle used were

determined from the followlng relations, which were experimentally
obtalned:

1.00
&
- /'—f
' — |
g 95 /z
3 >
8 1
‘m - .
1,0 1,5 2.0 2.5 3.0 3.5 4.0
Exhaust-nozzle pressure retio, :PB/],)0
1,06
48
)
ot R———
E F """
& Eﬂ ]
1.00 |
1000 1500 2000 2500 3000 3500 4000

Exhaust-gas total temperature, T, °r

The ratlo of specific heats 7g and the thermal-expension ratio Cg

were based on an estimsted value of exhaust-gas temperature deter-
nined from the scale~thrust measurement,
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Augmented thrust, - Actval Jet thrust was determined from the
balance~scele measurements by use of the followlng equatiom:

' Wy V-
FJ,B=B+D+DI.+-5?-§—E+A:(:DI-PO) (12)

The last two terms of this expression represent momentum and preg=-
sure forces on the installation at the slip Joint in the inlet-alr
duct, Extermal drag of the installation was determined from
experiments with a blind flenge ingtalled at the engine inlet to
prevent alr flow through the engine, DIrag of the exhaust-nozzle
survey rake was measured over a range of Jet Mach numbers by a
hydreullc~balance-plston mechanism,

Equivalent free-stream momentum of the inlet alr was sub-
tracted from scale Jet thrust to determine net thrust as follows:

W, A’/
- _ . 8,1 0O

Normal thrust, = The augmented-thrust ratio and the englne
specific fuel consumpbtion were based on the net thrust obtalnable
at rated englne speed wilth the standard-engine tell plpe. The
standard-engine thrust wes caloculated from measurements of totel
pressure and temperature at the turbine outlet obtalned during
the progress of the tall-pipe-burning progrem.

76'1
7s
f,e
e A=,
n ("3,3"' 3600)0 27 g |1 - [0 Y R
n g 7-1 =6 Bg! g

(14}

Experimental date Indicated that the total-pressure losa through
the standard tail plipe from station 6 to statlon 8 was approxi-
mately 0.0l Fg at rated engine speed. The total pressure Pyt 1s
therefore equal to 0.99 Pge A Jet-veloclity coefficient C of
0.97 was used for the calculation of the resulits presented, This
value of C 3 wus obtained from calibration of the engine with the
standard-engine tall pipe and exhaust nozzle.

-
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Rake Jet thrust, - Jet thrust may be calculated from exhaust-
nozzle-outlet pressure, assuming conmstent totel pressure in the
exhaust Jet.

' w W
FJ,Q = —85 'VJ = —85 VQ + cd_C']_\AQ (PQ-PO)

= CqCrég [79ng9 + (pg-po)] (15)

The terms on the right-hand side of eguation (15) were detexrmined
in the same mammer as for equation (11l). Thus, the equation
becomes as follows for subsonlc and sonic flow, reaspectlively:

Fj,9 = CaCrAgygPM, (15a)

P
8
When My >1, Mg =1, and Pg = 74 7

79+1>79-l
2

Bg(7g+1)

79
7 -1

— 2 -

Jet-~velocity coefficient, -~ For the exhaust nozzle used, the
Jet=velocity coefficient mey be expressed as the ratio of scale
Jot thrust (equation (12)) to reke jet thrust (equation (15))

Ty,9 = CaCoho il (15b)

actual V LER:

Ca. =
J idealvd FJ,S
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The relation of Jet~veloglity coefficient with tall-pipe burning to
nozzle~-pressure yetio is shown by the followling curve, which was
calculated from falred values of Jet thrust:

-
© 1,00
Iy
3
F-) ]
/ \

os / \\

. T —
1 —
4
i
4 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Exhaust-nozzle pressure ratio, Py/p,
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TABLE I ~ PERFORMANCE DATA
Run {Altitude| Flight | Free- Engine- (BEngine-inlet}Engine ail-pipe | Jet Net Alr flow
(rt) lagh stream | inlet total fuel tu;l flow khrustjthrust L
number |pressure| total temperature flow .t F Pn 1b/sec
P9 pressure 1 We,e {1p/hr) (11'1) (1v) (1o/zec)
(1b/3q P {°R) (1b/br)
ft abs.) (lb/tq,
£t abs.)
Configuration A
1 | 5,000 0.280]| 1748 1842 482 570 3020 5152 | 2536 6733
2 | 5,000 «270] 1752 1839 479 2990 5940 3860 | 3267 67.56
3 | 5,000 «2680| 1745 1841 480 3200 4700 4168 | 3547 87.58
4 | 5,000 «280| 1756 1853 480 3770 7319 4964 | 4333 68,00
5 25,000 « 3056 778 828 459 1140 1310 13856 | 082 31.48
6 |25,000° «275 779 820 460 | 1400 1950 1894 | 1619 S1.13,
7 (25,000 «275 776 816 461 1800 3520 2441 | 21656 3147
8 85,000 «2680 782 a24 453 1880 5070 2532 2251 31,69
® (86,000 " «270 779 818 454 1775 5600 2400 | 2132 31.36
10 (25,000 «910 782 1334 481 1710 2450 3165 | 1791 48,08
11 {25,000 «916 793 1363 477 2230 3830 4022 | 2605 50,27
12 25,000 « 905 786 1338 479 2440 4540 4304 2926 49,22
13 (25,000 «910 82 1334 477 2610 5600 4512 3136 49.19
14 |26,000 «900 793 1341 476 2710 6340 4606 | 3232 49,68
16 |85,000 »280 497 525 476 | 765 1000 964 788 19.10
16 [35,000 +200 497 527 476 800 1500 1166 982 19.16
17 |55,000 «316 8500 535 477 1000 2000 1325 | 1125 19.42
18 {355,000 «270 490 815 476 900 3020 1196 | 1031 18.66
Conflguration B
1 5,000 0.,275| 1748 1841 502 2540 4070 5166 | 2564 €4.98
2 65,000 +265] 1748 1836 495 2900 4520 3739 5154 65.55
3 | 5,000 «270| 1759 1850 501 3500 5890 4629 | 4051 65.38
4 5,000 «270| 1748 1838 504 3720 6527 4922 ) 4335 64.64
5 [15,000 «265| 1194 1254 492 2030 3300 2710 | 2309 45,05
& [156,000 «265| 1188 1243 483 2580 4000 3200 | 2815 45.39
7 |15,000 «270 1191 1283 480 2540 4540 3460 3052 465,14
8 [15,000 «270| 1188 1248 486 2760 5300 3733 | 3330 45.26
¢ [25,000 «260 7682 a1y 464 1180 2020 1952 | 1693 30.90
10 26,000 +270 782 822 465 1500 28500 2054 | 17856 33.93
11 (25,000 «265 TS B13 470 1710 3019 2332 | 2071 30.36
12 |25,000 «285 769 814 466 1850 3630 2645 2259 30.57
13 {25,000 "815 775 1330 608 1700 3240 3188 | 184l 46.44
14 [25,000 «915 762 1344 6508 2140 5800 3862 | 2488 46.94
16 [26,000 916 786 1364 606 2610 4800 4561 3202 47,50
16 (25,000 «875 814 1339 510 2870 S957 4816 3512 46,58
17 [25,000 «8956 796 1339 503 3090 7353 6165 | 3816 47.18
18 (25,000 1.080 7ee 1588° 507 1900 3900 3921 | 2068 55485
19 |25,000 1.070 789 1621 503 2360 4170 470¢ | 282% 67.12
20 126,000 1.065 783 1600 510 2840 5026 5348 | 3508 55.62
21 125,000 1.065 789 15956 504 3380 6527 6057 | 4227 56407
22 135,000 +265 497 519 457 710 1010 863 706 19.55
23 135,000 «260 493 Sl6 458 880 15600 1164 | 1003 19,37
24 |35,000 «2565 497 519 459 1070 2040 1473 | 1316 19.486
25 135,000 «275 486 512 456 1140 2350 1572 | 1402 19.32
26 |45,000 «280 309 326 500 520 1070 6351 526 11,20
27 145,000 «255 309 323 503 560 1490 679 55 11.03
28 45,000 «275 298 314 . BOO 540 1800 688 588 10,78
Configuration C
1 5,000 0270 1752 1843 519 2500 3870 3063 24 E6 63.07
e | 5,000 «255| 1752 1835 514 2790 4120 3510 | 2952 63.40
3 | 5,000 «270| 1766 1858 514 3180 4155 | 3561 64.19
4 | 5,000 «265 | 1759 1846 514 5600 6111 4719 41456 63472
& (15,000 «270 1188 1249 474 2166 3410 291¢ 2512 46,28
6 [15,000 «275| lle4 1247 475 2440 4020 3300 | 2885 46.12
7 {15,000 +270 | 1188 1250 477 2660 4620 3805 | 3194 46.09
8 |15,000 «260| 1188 1245 481 2800 5140 3818 | 3425 45.61
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Specific fuel | Total all-pipe Ful-pipe Turbine=|Furbine=- | Burner-|Exhaust- | Bxhaust-. |Bun
consumption [fuel-air |[fuel-air [combustion| ocutlet outlet [sectlone| nozzle gas total
(Wp, o#Wy )/Fy | ratio ratio efficiency| total total inlet | total |[temperature
(1b/ (e ) (16 t/a (z/a), T,y |Pressure|tempera-| static |pressure Tg
tf tg) s ture pressure P (°R)
(1b/sq Te Pq (1b/§q
Lt abse) (°R) {ib/sq |f%t abs.}
£t abse}
Configuration A
2.204 0,0233 0.0150 0. 502 2817 1246 2691 2702 1756 1
2,121 «0288 «0202 « 699 3149 1349 2926 2909 2100 2.
2.227 « 0329 «0245 « 683 327L 1414 3063 3010 2266 S
24559 +» 0460 +0398 « 613 3584 1560 3361 3286 2646 4
2.264 «0218 +0L38 «535 1309 1189 11986 1209 1624 [ ]
2,069 «0303 «0218 « 694 14¢8 1383 1358 1544 2137 [:]
2,457 «4ATT « 0418 « 632 l6a8 1568 1581 1534 2718 7
3.088 « 0620 +06086 474 1753 16810 1628 1583 2776 8
5+459 « 0664 «0666 « 383 1680 1563 1571 1636 2624 ¢
20323 «0239 +01856 «572 2010 1187 1848 1844 1729 10
20,250 0328 «0250 + 596 2369 1354 2197 2164 2248 11
2,386 «0400 « 0330 . 2433 1454 2277 2225 2450 12
2,618 « 0471 «0415 «568 2510 1620 2383 2290 2573 13
2.800 +0515 <0471 « 548 2584 1542 2433 2353 2668 14
2,240 «0260 Mok « 587 850 1278 782 784 1856 15
2e444 +0352 +0276 «524 812 1402 845 832 2124 16
2.667 «0435 «0372 « 544 985 1489 918 899 2426 17
3.802 +0592 +0674 « 368 8952 1425 j=1:1:3 a72 2371 18
Configuration B .
2.578 0.0286 0.0211 0,544 2907 1282 2708 2726 1808 1
2,552 »0318 «0239 * «665 3094 1362 2908 2893 2186 2
24329 +0405 <0329 «798 3465 1569Q 3274 3208 2754 S
2,564 + 0447 «0378 +8068 3562 161 5364 3290 2954 4
2,308 » 0335 «Q0256 « 706 21756 13886 2045 2027 2297 ]
2.266 +»0396 <0320 « 746 2348 1511 2217 2175 2632 [
2320 «0443 «0374 « 777 2466 1584 2326 2262 2873 7
2,420 «0503 « 0448 « 767 2558 1664 2430 2357 3096 8
1,890 +0291 <0219 « 506 1343 1230 1243 1266 1840 1
2,241 «0365 <0287 «713 1540 1420 1443 1422 2427 10
R.283 « 0440 «0370 «706 1629 1666 1533 1484 27356 1l
24426 +0506 «Q0453 « 7035 1711 16542 1604 1569 2971 12
2,683 « 0299 «0232 542 2001 1239 18585 1888 1832 13
2,378 +0356 «0283 «732 2284 1404 2146 2113 2433 14
2,314 « 0440 «0373 +828 2555 1674 2420 2354 2944 15
2.513 +0b535 « 0491 «804 2670 1689 2541 2463 3302 186
2,737 +0626 +0613 «TE1 2794 1758 2553 2572 5465 17
2.805 « 0293 «QR30 +510 2330 1199 2150 2162 1848 18
. <0321 «0249 «712 2634 131¢ 2467 2449 2246 19
2.242 «0309 «0326 «890 2905 1509 2751 2695 2857 20
L.344 «0499 «0443 « 954 3236 1668 074 2996 3425 21
2.436 «0247 <0171 « 508 826 1184 761 770 1685 22
2,373 +0346 <0270 +526 924 1358 86l 855 2216 23
2,363 +0451 «0387 o673 1031 15653 970 948 2706 24
2.489 +08611 «0480 « 559 1065 1609 1007 a74 2897 25
3.023 +0400 +0335 «468 543 1414 506 502 2186 26
3.504 <0524 .0486 « 383 566 1493 518 512 2331 27
3.880 <0621 «Q0598 «280 B33 1475 498 491 2189 28
Configuration C
2,383 0.0283 0.0207 0.459 ——— 1300 —— 2637 laz2s 1
24341 «0307 +0225 «704 3049 1380 2856 28£29 2206 e
2.297 « 0359 +0278 «794 3297 1486 3108 3045 2558 3
2,343 +0426 «0356 «837 3456 1609 3322 3254 2936 4
2.219 <0339 <0259 «722 2281 1399 2131 2090 2341 5
2,238 ~0395 «0317 +768 2408 1609 2281 22185 26561 []
2,276 « 0445 «Q376 « 785 . 2626 1581 2399 2321 2914 7
2.318 +0481 «0432 Bl 2595 1667 2468 2385 3135 8

é
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TABLE I - PERFORMANCE DATA OBTAINED

NACA RM EGI 16

RunjAltitude|{ Flight | Free- Bungine~ (Engine-inlet|Bngine [Taile-pipe] Jet Net Alr flow
(re) Mach | stream | inlet total fuel |fuel flow|thrust!thrust W,
number {pressure| total temperature flow 't.t P n (lh/‘lec)
My P pressure ) r,e (1ib/hr) (1%) (ib)
(1b9 sq P (°R) (1v/or)
Ift abse)|(1lb/sq
£t abs.}
Configuration C ~ Concluded

$ {25,000 0.280 782 8256 458 1180 2100 1516 | 1234 51.40
10 {25,000 «275 ™me 820 456 1520 2480 2076 | 1800 31,37
11 |25,000 «270 789 830 456 1740 2990 2349 | 2072 Sl.79
12 185,000 «275 779 8gl 458 1920 3670 26368 | 2357 31.86
13 {25,000 +8856 e 1289 505 1870 3210 3586 | 20897 45.75
14 {25,000 +885 776 1287 496 2160 3660 366g | 2683 45.89
16 [25,000 «880 779 1292 497 2610 4500 4397 | 31ilé6 45,99
16 {25,000 «890 (-1 1306 501 2660 4990 4571 3271 46,19
17 |25,000 +8'70 8e 1282 486 2e10 5470 46354 3379 45.85
18 25,000 1.066 7786 1686 496 2605 4380 5070 3289 56451
19 25,000 1,060 789 1606 499 2720 4600 5161 5506 56,95
20 [25,000 1.060 779 ls82 499 2925 5100 5471 | 5645 66.10
21 25,000 1.060 782 1590 502 3370 6451 6057 | 4823 56.11
22 [55,000 «270 197 523 443 1060 1810 1446 | 1272 20,80
2% 35,000 «285 490 618 444 1180 1588 | 1409 19,93
24 {35,000 «285 493 521 442 1300 3020 1766 | 1585 20.14
25 |45,000 «270 3056 321 484 880 1140 703 801 11.35
26 |45,000 «280 309 326 482 625 1700 zm 870 11.59
27 145,000 +255 308 319 491 610 2050 754 658 11.36

Configuration D

1 5,000 04270 1748 1837 520 2970 4500 3754 3139 62.72

2 6,000 280 1748 1844 523 3405 5590 4413 3818 62,63

3 5,000 «286] 1752 1840 619 36680 6441 4788 4218 82.94

4 {16,000 «280 1180 1255 484 2195 3625 2966 | 2545 45,67

5 {15,000 «275 1180 12563 481 2475 4050 3344 2929 45.89

6 |15,000 «270 1190 1252 481 2670 4400 3500 5089 45.86

7 |15,00Q0 «285| 1188 1256 479 2680 4750 5664 3233 46.16

8 25,000 «270 7756 815 460 1550 2510 2161 | 1880 50,94

9 [25,000 «280 786 829 459 17680 3000 2389 | 2106 Sl.62
10 [25,000 «275 775 8le 464 1800 3570 2568 2286 30.80
11 25,000 »815 786 1366 609 2450 4220 4345 | 2968 47.86
12 |25,000 +«915 786 1356 517 2570 4640 4469 3100 46057
15 [25,000 «915 e 13537 512 2650 5100 4602 5252 46,32
14 [25,000 1.060 789 16802 §20 2550 4350 4847 3088 54,70
15 |25,000 1.065 7686 1604 523 2040 5250 5331 5509 54,51
16 |25,000 1,060 793 1610 515 3010 5400 5495 3658 56,51
17 | 35,000 «270 497 523 455 800 1370 1058 886 19,76
18 | 36,000 «270 497 | 523 466 o920 1810 1239 1067 19,72
19 |35,000 «280 497 5256 458 1120 1990 1528 | 1349 19,72
20 | 35,000 «2360 497 521 458 1200 2360 1620 | 1455 19.57
21 |45,000 «265 302 317 471 675 1380 836 736 11,50
22 145,000 «265 302 317 474 700 1820 847 T47 11l.42
23 | 45,000 «245 302 315 476 700 2200 857 765 11.31

Configuration E

1 5,000 0.257 1741 1823 517 2380 4040 2786 | 2233 62457

2 5,000 o278 1752 18456 516 £870 4910 3591 2096 83.56

3 5,000 «267] 1752 1842 509 3380 6000 4398 3813 84,186

4 5,000 «276] 17s2 1847 505 3760 7305 4996 | 4390 64.78

§ 25,000 «270 782 823 453 1160 2130 1602 | 1237 Sle 66

6 |25,000 267 782 8ge 454 1400 2510 1928 1656 51,52

7 |25,000 «915 780 1341 512 1580 5420 2940 | 1583 46,45

8 {26,000 «911 789 1350 505 2140 4170 3026 | R469 47.357

8 |25,000 «917 780 13542 508 2560 5180 4487 5125 46.83
10 {25,000 «908 766 1340 497 £2860 6267 48456 5483 47,68
11 | 35,000 273 490 6L6 443 1070 2190 1493 | 1320 19.92
12 [55,000 «263 490 514 442 1170 2690 1611 1446 19.88
1% 35,000 +263 490 514 443 1070 3500 1514 1548 19.84
14 40,000 «278 385 406 486 740 1990 989 866 14,41
15 |42,500 «257 344 360 489 600 1870 720 81 12,72
18 {456,000 « 243 309 322 490 520 1190 645 553 11,27

NACA
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WITH TAIL-PIPE BURNIRG -~ Concluded °

31

|Specific fuel Total Tall-pi Tail-pipe |Turbinee |Turbine-| Burner- |Exhsuste| Exhauste Run
consumption |fuele-alr |fueleair | combuation| outlet outlet [section- | norzle gas total
(We,otWe, t)/Fnl Tatio ratio efficiency| total total intet | total |[temperature
(15/ tar ) (10 /s (£/8)y T, t pressure (tempera-| static [pressure 9
th:mmtg 8 ture pressure Pg {°R)
(1b/sq Tg Py (1b/aq
£t abs. )| (°R) (1b/sq [ft abs.}
£t abs,.}
Configuration ¢ — GConcluded
2.658 0.,0203 0.02823 0,457 1361 1208 125% 1258 1776 9
2.222 <0359 «0281 «704 1565 1410 1463 1428 2382 10
2,283 «0419 «0346 «754 1694 1527 1602 1546 2724 11
2,372 «0606 <0450 « 736 1768 1649 1874 1610 3043 12
2.422 «Q312 « 0238 « 673 2104 1311 1969 1940 2163 13
2.249 «03568 +«0281 768 2269 1418 2140 2086 2484 14
24250 «0430 <0360 «8lé 2465 1558 2339 2259 2881 18
2,338 <0468 <0405 «818 2547 1622 2424 2342 3081 16
24450 «0513 «0461 « 789 2583 1688 2460 2365 3196 17
£.163 «0348 +0271 «795 2768 1404 2609 2548 2485 18
24214 «0361 «0286 «842 2859 1431 2701 2637 2618 19
2.202 +0403 « 0330 «839 2937 1516 2779 2698 2810 20
2.326 +0495 « 0437 «892 1664 3041 2047 3308 21
24256 20401 +0326 <712 1038 1478 877 854 2670 22
2,399 <0478 »0418 «718 1081 1599 1033 1000 26894 23
2,726 «0607 +0586 €19 116 1700 1103 1059 3123 24
2.862 <0427 0362 «566 580 1483, 543 530 2444 25
5.470 +0566 «0537 +«410 604 1534 566 562 2486 26
4,042 +«0660 «0660 «328 610 1530 552 540 2424 27
Configuration D

| 2280 0.0335 0.0253 Q.74 3134 1448 2952 2894 L3884 1
2360 + 0405 «0328 +817 3384 1575 3194 3108 2801 2
2,403 <0454 «0386 «801 3510 1649 3325 3227 2990 3
2.248 «03562 «QR73 « 727 2891 1425 2156 2096 2409 4
2,228 «0401 #0323 o777 2426 1534 2296 2222 2696 5
2,268 «0429 «0356 «806 2504 1570 2366 2287 2857 6
2.298 +0455 «0386 783 2543 1606 2413 2331 2932 7
2.160 «0370 <0291 o T47 1571 1442 1480 1440 2499 8
2.260 «0427 03553 «758 1687 1552 1587 1542 2760 9
2,393 0602 <0445 749 1738 16569 1550 1589 3049 10
24249 «0398 «0323 «832 2488 1518 2343 2274 2788 11
2,326 «0437 +0368 «854 2542 1580 2386 2324 2991 12
24386 +0473 <0412 +824 2587 1627 2443 2365 3107 13
2.279 «03586 « Q279 «818 2758 1437 25688 2516 2574 14
2,334 «0424 «03563 944 3004 1668 2839 2753 3094 15
2,299 «0427 <0357 « 903 3026 1668 2873 2781 3042 16
2,449 «0308 «0235 «516 889 1269 829 81¢ 1821 17
24371 «O361L «0287 o 647 967 1375 906 885 2302 18
2,305 «0445 «Q376 « 730 1064 1566 1005 971 2786 1e
2,440 +«0b612 «0460 «717 1101 1649 1043 1007 3021 20
2.792 «05085 «0452 «562 617 1619 €82 562 2698 21
5e 373 <0823 +0611 «532 649 1660 612 589 2054 22
5791 +07256 <0748 «381 628 le72 592 573 2765 23

Configuration B
2,875 0.0288 0.0216 O.424 2782° 1275 2590 2596 1782 1
2,597 +0344 «026%9 « 618 3094 1400 2900 2859 2242 2
2.460 +0413 «Q0340 « 708 3367 1540 3175 3105 2855 3
2.520 00482 « 0424 « 740 3595 1e30 3402 3315 2975 4
2.681 +0282 «0224 «382 1332 11656 1234 1238 1670 5
2,361 «0348 0276 « 558 1480 13386 1382 1363 2127 6
B¢ 158 +0301 0241 «455 1966 1180 1813 1803 1802 7
2.566 « 0375 «0307 «866 2320 1390 2170 2122 2408 8
2,477 «0466 « Q407 « TR 2545 1565 2399 2332 2960 9
2,620 +0540 «0500 739 2687 1650 2548 2470 3170 10
2.470 «0461 «0402 «623 1042 1496 880 957 2636 11
2,671 «0548 «0511 «555 1078 1580 1017 087 2783 12
34390 +0850 +0646 «396 1041 1500 980 961 2574 13
3,189 «0634 +0498 425 734 1490 688 678 2432 14
S.716 <0503 +0463 » 564 617 1410 576 574 2201 15
3.082 « 0427 «0370 34T 523 1400 488 480 2024 16 |
w &
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426-1659

NACA RM E9I 16 S

B

. &
20 oonical T
spray nozzles

Tail-pipe shell,
23% I.D. at fuel-spray plane

Side view of
conical spray nozzle

(a) Fuel system I; fﬁel-in,jection patitern with 40 gallon-per-hour conical spray nozzles.

Figure 3. - Schematlc diagrems of fuel systems.
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Tall-pipe
shell

NACA

z Dismeter | Number “:biameter of
z . (in.) of Jets | holes (in.)
z
E 16 20 0.045
g B 12 15 0.040
2 1
z 6= 5 0.040
Z L 2
5 "
s —n]
16
Detail A, ~FAGA -

impinging Jet

RM ESI 16

(b} Fuel system II; fuel-injection pattern and detalls of impinging-Jet fuel IlnJjectors.

Figure 3. - Continued. Schematic diagrams of fuel syatems.
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Tail-plpe
shell

Diameter | Number Diameter of
(in.) of Jets | holes (in.)
16 20 0.045
121 10 0.040
1,15 5 .045
1
72 5 0.045
1
= 5 .045
62

Flgure 3. - Concluded. Schematic diagrams of fuel systems.
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(c) Fuel system III; fuel-injection pattern and details of impinging-jet fuel injectors.
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NACA RM EQI 16

(b) Fuel system III.

Figure 4. - Fuel systems; looking upstream.
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A A

B

- - A 9
N 8
3
- J—
r <
Flame holder Dimension A(in.}
I Medium two-V 18%
Large two-V 2114-
a (2) Two-V flame holders.
e G
I - -
— 18l
‘ d
n =
:
(=]
T
§ (b) Octagonal flame holder.

= Figure 5. - Schematic dlagram of flame holders.
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NACA RM E9I 16 SR

(a) Medium two-V flame-holder installation in configuration C; looking downstream.

Figure 6. - Photographs of flame holders.
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(b} Octagonal flame holder.

Figure 6. - Concluded. Photographs of flame holders.
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o Total=-pressure tube
°® Static-pressure tube or wall orifice
® Thermocouple

¢ ————- Engineecombustion-chamber center line

(a{/fnging énleté.statign i, (b) Turbine outlet (dif{user
ne ownstream o
engine-inlet flange. inlet), station 6, 105

inches downstream of turbine-
outlet flange.

ah
N

(¢ ) Burner-section inlet, station (d) BExhaust nozzle, station
7, 87 inches upstream of flame 8, 1 inch upstream of
bolder. outlet,

Figure 7. - Locatlon of temperature and pressure inatrumentation
installed in englne and tall-pipe burner; looking downstream.
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«80

h,t

(a) Altitude, 35,000 feet.

A \\

« 40 — 0]

«30

(b) Altitude, 25,000 feet.
«90

Tall-pipe combustion efficiency,

Config- Fuel
A uration Syste

0o B 1T

.70 A c III

«80 /k/;‘:r/ o A I
\

«50

«40 !l '

.0l .02 03 04 405 06 07
Tall-pipe fuel-air ratio, (f/a)

(c) Altitude, 5000 feet.

-Figure 8e = Effect of tall-pipe fuel distribution on relation between
tail-pipe combustion efficiency and tail-pipe fuel-air ratio,
Medium two-V flame holders simulated flight Mach number, 0,27
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(a) Altitude, 35,000 feet.
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(b) Altitude, 25,000 feet.

Exhaust-gas total temperature, Tg, °R

3000

Confi

2600

o A
o B
L) c

uration System

g- Fuel

I
iI
IIT

2200

1800

e

1400

<01

002 .03 .04

«05

Tailepipe fuel-air ratio, (£/a)g

{c) Altitude, 5000 feete.

Flgure 9, - Effect of tail-pipe fuel distribution on relation between
exhaust-gas total temperature and tailepipe fueleair ratio, Medium
two-V flame holder; simulated flight Mach number, 0.27.
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«80
.70 //95" = ]
\
60 /ff ] T~~~
) /
«50 0/ \A\\\
40 ~.
‘ﬁ
d? « 30
(a) Altitude, 35,000 feet,
5 «80
g 07!?—"
o .70 .
ot /
&
5 /]
@ .60
=}
é
3 .50 /
E A
8
o «40 A
Q
3
B « 30
= (p) Altitude, 25,000 feet.
S .90
A
—Z5 ] Confl g- Flame
«80 8755' %> ‘uration holder
A A c Medium two=V
«70 ﬂ(/ el < D Large two-V
// /r/ﬁ//' 4. E Octagonal
« 60 { 7
w1/
SRR
«40 1
.01 «02 «03 «04 « 05 « 06 «07

Tail-pipe fuel-air ratio, (f/a),

{(c) Altitude, 5000 feet,

Flgure 10, - Effect of flame-holder design on relation between taile
pipe combustion efficiency and tall-pipe fuel=-air ratio. Fuel
system III; simulated flight Mach number, 0.27.
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2400
I,
3000 S|
2600 A/ ——
/o//
2200
d(/’
1800
(a) Altitude; 35,000 feet.
11
[+ ]
£ 3400
2
2 3000
o
g 2600 14’¢p””
g /97
Y
< 2200 ;/A
L]
5 /
1800
a .
%
§ 1400
g (b) Altitude, 25,000 feetb.
: Config- Flame
3000 s> 17—  uration holder
4,4f’,//” A ¢ Medium twoeV
2600 A A < D Large two=V
AA/,///' A B Octagonal
2200 A//,
600 {/
\‘!\N_:é::cé/
1400 I
.01 .02 <03 04 <05 <06 « 07

Tail=pipe fueleair ratlo, (f£/a)g

{c) Altitude, 5000 feet.

Figure 1ll. = Effect of flame~holder design on relation between exhauste-
gas total temperature and taileplpe fueleair ratio.
simulated flight Mach number, 0.27.

Fuel system III;
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500

Vs ft/sec
A,

Burner-section-
inlet velocity,

400

(a) Burner-section~-inlet velocity.
1800

'//,ZV
) 7748 ;

7l

g

1600

J

1400

1200 <(/

Turbine~ocutlet total
temperature, Tg, °R

(b} Turbine-outlet total temperature,

4000
-
o o Altitude
3 — (£e)
@ 3000 L]
w il ) 5,000
oa 0O 15,000
] __g-—t—0 & 25,000
3" n/’D/ A 35,000
35; 2000
O O
Y- o]
-~ -
3% o
o™ —a
o 1000
-l
&
—,
(] 4— -
[o] 1 i
.02 . <03 <04 <05 <07

«06
Tailepipe fueleair ratio, (f/a)g
{c) Turbine-cutlet total pressure.

Figure 12, -~ Effect of altitude on tailepipe burner-inlet conditions in config=
uration C. Simulated flight Mach number, 0,27,
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(a) Tailepipe combustion efficiencye.
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&2 a
&
g2 20006 /
c) . Y
FL}
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1200 : d

+02 <03 «04 «05 «08 «07
Tail-pipe fuel-air ratio, (f/a)y

(b) Exhauste-gas total temperature.

Figure 13. - Effect of altitude on tail-pipe-burner performance of con=
Figuration C. Simulated flight Mach number, 0,27,
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Burner-section-
inlet velocity,
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(2a) Burneresection-inlet velocity.
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Turbine-cutlet total
temperature, Tg, °R
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1200 &/

{b) Turbine-cutlet total temperature, "
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8 & 2000
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= 1000 .
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3
&
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L]
Tall-pipe fuel=-air ratie, (f/a)y

(¢} Turbine=-ocutlet total pressure.

Flgure l4. « Effect of flight Mach number on tail=-pipe burner-=inlet con=-
ditions in configuration Ce Altitude, 25,000 feet,
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(a) Tail-pipe combustion efficiency.
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(b) Exbaustegas total temperature.

Figure 15, = Effect of flight Mach number 6n tailepipe=-burner perfor-
mance of configuration C. Altitude, 25,000 feet,
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Configuration
A c
< D
———— 29=inch-diameter
tall=-pipe burner
1.8
4 ado—T 8-
8 1.6 =1
g P /
[ _ ,}"
: y
g (3
3 l.4 e
o
]
Pl -
g
§ 1.2 —
2 .
1.0
(a) Augmentedethrust ratio.
- 3600
~0
[
Fras
2eP
- _ <&
a; ede— =TT //S
VH 3200 —f——t— 5=
g P
§§§ A L—'——
4 .
ﬁ § NAGA
* 2800 1
0 2 o4 «6 «8 1.0 1.2

Flight Mach number, Mg
(b) Exhauste-gas total temperaturee.

Flgure 16« = Relation between over=all performance characteristics and
flight Mach number. Turbine-cutlet total temperature, 1650° R; altli-
tude, 25,000 feet3 exhauste-nozzle-outlet area, 286 square inches.

(Data for 29-inch-diameter tail-pipe burner obtained from reference 5,)
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Configuration
a c
<o D
——= — 28-lnch~dlameter
taill-pipe burner{-
—-—8tandard englne
P
S «80
oge * //19
839 -
FH |
S8% =
Owl oT0
a
o (¢} Taill-pipe combustion efficiency.
2.6
—
qp —l/’
88 B S -
EE ~%
gg 2.2
gﬂ\
SH
4D
s~
g.o
“F‘ 1.8
g - .
.g{:
3
o =
L)
é%g l.4 - —
55 N —
g.p 1"
(=324 —
2 g NACA
1.0
0 '2 04! 6 .8 l.O 102

.
Flight Mach number, MNg

(d) Specific fuel consumption.

Figure 16. - Concluded. Relation between over-all performance charac-
teristics and flight Mach number. Turbine-outlet total temperature,
1650° R; altltude, 25,000 feet; exhauste-nozzle-outlet area, 296 square

"inches., (Data for 29einch-diameter taile-pipe burner obtained from

reference 5,) )
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Config- Flame
uration holder
A c Medium twoeV
< D Large two-V
A E Octagonal
Rich
combustion
] low=-out
50,000 Tean —
combustion
blow-ouff - N ~
A
40,000 «<
a 30,000
Pry Operable reglon
3
Et
bt}
] 20,000
10,000 d[
]
(o] 02 «04 +08

. «06
Tall-pipe fuel-air ratio, (f/a)y

Flgure 17, = Effect of flame-=holder design on tall-pipe~burner combus=
tion limits. Fuel system III; simulated flight Nach number, 0.27;
exhaust~-nozele-outlet area, 206 square inches.
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